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What are parasitic plants? Parasitic plants attach and feed off other plants using a parasitic structure called a haustorium. The haustorium is a specialised multicellular organ homologous to a root, which penetrates a host, makes a vascular connection, and facilitates the transfer of nutrients and other molecules. Approximately 4,530 of the 369,000 fl owering plant species (1.2%) are parasitic (Tables S1  and S2 in Supplemental Information, published with this article online), with parasitism evolving at least 12 times across the angiosperms. They are extremely morphologically diverse and range from diminutive herbaceous plants to large trees, as well as highly reduced parasites that grow embedded in their host and lack leaves and roots (endoparasites; Figure 1 ). Parasitic plants can be divided based on whether they are photosynthetically active (hemiparasites) or lack photosynthetic activity and rely entirely on a host for carbon (holoparasites), whether they are facultative or obligate parasites, and whether they attach to the host's roots or stem.
Why are they important? Parasitic plants affect natural and agricultural systems, and this can be considered a 'Dracula' effect (sucking the life out of an organism by reducing host productivity) or a 'Robin Hood' effect (robbing from the rich to feed the poor by extracting and redistributing resources among the plant community). A minority of parasitic plants are aggressive crop parasites that cause extensive agricultural damage. Witchweed (Striga) destroys over $10 billion of cereals and legumes in Africa and Asia each year, while broomrapes (Orobanche and Phelipanche) are problematic weeds of various crop species in southern and eastern Europe, the Middle East and North Africa. In contrast to these crop parasites, hemiparasitic rattle (Rhinanthus spp.) and grassland hemiparasites act as ecosystem engineers that suppress the growth of competitively dominant
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plants and help maintain high species diversity, and are increasingly used in grassland restoration projects. Parasitic plants are also used in horticulture (e.g. mistletoes), attract interest from tourists (particularly Raffl esia arnoldii, which produces the largest fl owers in the world), have local cultural uses, and are used in scientifi c research for studying the evolution of parasitism.
What do they parasitise? Parasitic plants vary in their host dependence and the range of hosts to which they can attach. Facultative hemiparasites can complete their lifecycle without a host, while obligate parasites (which can be hemi-or holoparasites) need a host to survive and reproduce. Many facultative parasites are generalists that can attack a broad range of hosts; for example, Rhinanthus can attach to more than fi fty species of herbaceous plants and grasses. Obligate parasites (particularly holoparasites) are more likely to be specialised on a single host plant species or a narrow host range, and host-shifts can be involved in speciation.
What is the lifecycle of a parasitic plant? Parasitic plants must synchronise their lifecycle with their host to maximise fi tness. The tiny seeds of obligate root parasites like Striga only germinate after a conditioning period of suitable temperature, followed by exposure to host-derived chemical signals, such as strigalactones, which are extruded by the host's roots to signal to symbiotic arbuscular mycorrhiza in the soil. After germination, the parasite's radicle grows towards a host, with haustorial growth induced by host-derived phenolic compounds or tactile cues. Holoparasites develop terminal haustoria at the meristematic tip of the primary root, which then penetrates the host epidermis and cortex, and attaches to the host vasculature, followed by further plant growth, fl owering, and senescence. Facultative hemiparasites are much less reliant on a host for completing their lifecycle, with germination initiated by seasonal cues but in the absence of a host. Hemiparasites produce smaller lateral haustoria at the transition zone on the side of a growing root, which attach to hosts and a range of nonspecifi c substrates (such as twigs).
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What is exchanged between host and parasite? Hemiparasites are predominantly xylem feeders and obtain reduced carbon and nitrogen from the host's vasculature. Holoparasites are predominantly phloem feeders that typically also retain a xylem connection, and obtain all mineral nutrients, amino acids, soluble carbon and water from the host. In addition to these macromolecules and solutes, recent work on dodder (Cuscuta) has shown messenger RNAs can move bidirectionally between parasite and host, with parasite microRNAs acting as a regulator of host gene expression. Viruses, as well as large molecules such as proteins, may also be exchanged.
How did parasitism in plants evolve?
Most of our understanding of parasitic plant evolution comes from studies of the Orobanchaceae, a diverse clade of c. 1,960 species that includes the full range of trophic capabilities including non-parasitic species as well as hemiand holoparasites. Basal lineages such as Lindenbergia are non-parasitic and do not produce haustoria. Facultative hemiparasites have evolved from non-parasitic relatives and are the fi rst step in the transition to parasitism. These taxa have evolved parasitic functions via genome duplication and the acquisition of novel gene functions, with transcriptomic analysis revealing over 100 'core parasitism genes' involved in haustorium development or attachment. Holoparasites have evolved multiple times from hemiparasitic Orobanchaceae. Numerous changes have occurred along the transition to increased parasitic dependency, including a loss of autotrophic function, a general trend towards larger genome sizes, major gene loss from the chloroplast, and an increasing occurrence of horizontal gene transfer.
What makes a good host?
The growth and development of parasitic plants is determined by a range of host attributes, such as root architecture and root spread, germination time and growth rate, and host physiochemistry. Host defence mechanisms also determine the success of a parasite. Plants defend against pathogenic and parasitic organisms via intrinsic resistance and a range of specialised defence mechanisms, including: lignifi cation and cell wall thickening, localised host dieback and programmed cell death, and chemical defence. Generalist hemiparasites may attack many hosts with different defence mechanisms, while holoparasites are more likely to be locked in an evolutionary arms race with a specifi c host species. At their most effective, host defence mechanisms can entirely prevent invasion by haustoria. Many plants, however, do not mount a direct defence and rely on intrinsic resistance, and from the parasites' perspective these make particularly good hosts.
What are some misconceptions about parasitic plants? Climbing plants such as ivy (Hedera spp.), epiphytic plants, and mycoheterotrophic plants (e.g., Monotropa) are sometimes confused as parasitic plants, though none of these produce haustoria. Climbers and epiphytes produce aerial roots that do not steal nutrients, and mycoheterotrophs have a different type of interaction that is partially symbiotic and involves fungi. Another common misconception is that holoparasites outnumber hermiparasites, whereas in fact far more species are hemiparasitic. This misconception might have arisen because holoparasites are extremely conspicuous and are celebrated by botanists, while hemiparasites could be overlooked as they appear superfi cially similar to other autotrophic plant species.
What is there still to learn? Many clades of parasitic plants are poorly studied and there is little known about their systematic relationships, their species diversity, and their development and evolution. Even well-studied clades lack genetic resources such as well-annotated genome sequences and reliable genetic transformational protocols. While great strides have been made into understanding parasitism genes, there are major open questions as to the actual genetic changes necessary for parasitism, how (and when) these genes are expressed, and the way these genes interact to form haustoria and initiate attachment. There is also much to learn about host-parasite interactions, including the mechanistic details of the host immune response and parasite immune suppression, and how this understanding can be translated into commercially successful parasite-resistant crops. The evolution of parasitism in plants. Trends Plant Sci. 15, 227-235. Yang, Z., Wafula, E.K., Honaas, L.A., Zhang, H., Das, M., Fernandez-Aparicio, M., Huang, K., Bandaranayake, P.C.G., Wu, B., Der, J.P., et al. 
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Our everyday lives are full of aesthetic experiences. We wake up and frown at an overcast sky, or smile at the sight of the sun. Myriad decisions depend on the aesthetic appeal of the available options like which shirt to wear, which route to take to work, or where to eat. Even lifechanging decisions, like where to live or who to live with, are partly based on their aesthetic appeal.
The term aesthetics was coined by the German philosopher Alexander Baumgarten (1714-1762) to denote the science of what is sensed and imagined. Today, the Oxford English Dictionary (OED) defi nes 'aesthetic' as "concerned with beauty or the appreciation of beauty" and more specifi cally as "giving or designed to give pleasure through beauty." Unlike this beauty-centric defi nition, however, the fi eld of empirical aesthetics -the scientifi c study of aesthetics -is mostly concerned with the perception and evaluation of art. It is quantitative and acknowledges the primacy of beauty, as expressed by the OED above, but goes beyond the feeling of beauty, to also consider interest, being moved, and even repulsion. It is closely connected to cognitive and affective psychology and neuroscience.
The fi eld of empirical aesthetics has yet to settle on a single defi nition of aesthetics. One of the clearest defi nitions comes from the neuroscientist Anjan Chatterjee: "The term aesthetics is used broadly to encompass the perception, production, and response to art, as well as interactions with objects and scenes that evoke an intense feeling, often of pleasure". This defi nition and the fi eld of empirical aesthetics deemphasize beauty. This veers away from the OED and popular usage; the most commonly used aesthetic descriptor for art, landscapes, faces, cars, and clothing is 'beautiful'. Unlike philosophy, studies in empirical aesthetics often just use terms like 'beauty', 'liking', and 'pleasure' in their methods, without specifying meanings.
We discern two main foci of empirical aesthetics, one broad -research on beauty, aesthetic pleasure, and Primer preference -and one narrowly focused on art -research on the perception, evaluation, and creation of art. We take the broader focus, and include art as one of many stimuli that elicit aesthetic responses.
A brief history
Our scope here is the scientifi c topic of aesthetics, which begins with the birth of psychology in the 19 th century. However, philosophers have written thoughtfully about beauty for millennia. For example, one of Plato's Socratic dialogs, Hippias Major, tentatively defi nes beauty as pleasure through eye or ear. And Kant theorized that beauty is a free play of imagination with understanding, which sounds a lot like modern neuroaesthetics.
Empirical aesthetics has only recently attracted much interest from neuroscience, psychology, and the public, but it is actually one of the oldest fi elds in psychology. In 1876, one of the fathers of modern psychology, Gustav Fechner, wrote the two-volume book Vorschule der Ästhetik (Preschool of Aesthetics); he claimed that, like any other psychological phenomenon, aesthetics should be studied from 'below' (empirical observation), not from 'above' (philosophical supposition). The path from 'below' for Fechner meant observing responses to individual experiences and inferring general laws from the pattern across multiple observations, much as natural sciences works today. Fechner's famous 1865 book, Elements of Psychophysics, defi ned the basic methods, still used today, of testing behavior to infer brain processes.
Fechner aimed to discover how the physical properties of the world provoke aesthetic responses: pleasure and displeasure. Note that Fechner did not restrict the application of aestheticsliking and pleasure -to the realm of art or other 'higher' pleasures. Thus, his defi nition of aesthetics was broader than that of today's dictionaries. By rejecting the usefulness of an aesthetic 'from above', he also dismissed any pre-defi ned notions of beauty or liking and aimed to investigate the popular use of these terms. Today, most researchers still adhere to his method of empirical investigation of aesthetics -in that they record participants' responses to a range of stimuli under varying conditions -but not all subscribe to
